Many of the proteins that operate at the replication fork in Escherichia coli have been defined genetically. These include some of the subunits of the DNA polymerase MI holoenzyme, the DnaB replication fork helicase, and the DnaG primase. The multiprotein primosome (which includes the DnaB and DnaG proteins), defined biochemically on the basis of its requirement during bacteriophage 4vX174 complementary-strand synthesis, could serve as the helicase-primase replication machine on the lagging-strand template. In order to determine if this is the case, we have begun an investigation of the phenotypes of mutants with mutations pri4, priB, and priC, which encode the primosomal proteins factor Y (protein n'), n, and n", respectively. Inactivation ofpri4 by insertional mutagenesis resulted in the induction of the SOS response, as evinced by induction of a resident X prophage, extreme filamentation, and derepression of an indicator operon in which j-galactosidase production was controlled by the dinDI promoter. In addition, the copy numbers of resident pBR322 plasmids were reduced four-to fivefold in these strains, and production of 4X174 phage was delayed considerably. These results are discussed in the context of existing models for SOS induction and possible roles for the PriA protein at the replication fork in vivo.
in the 5' -> 3' direction by DnaB (21) . The primosome can support coordinated leading-and lagging-strand synthesis at rates approaching 1,000 nucleotides per s in vitro in rollingcircle-DNA replication reactions reconstituted with it and the DNA polymerase III holoenzyme (25) .
In spite of this biochemical evidence, it is not clear to what extent the primosome complex participates in replication fork propagation in vivo. priA, priB, and priC were never detected in screens that searched for DNA-negative phenotypes (they were defined by reverse genetics), and reconstitution in vitro of the replication of small plasmid DNAs carrying the Escherichia coli chromosomal origin, oriC, required only two of the preprimosomal proteins, DnaB and DnaC (39) , suggesting that DnaB alone was sufficient for replication fork propagation.
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The recent molecular cloning of priA (30) and priB and priC (45) has allowed us to investigate this question in more detail. priA, which maps at 88.5 min, was inactivated by insertional mutagenesis. priA mutant strains were induced for the SOS response, showed a four-to fivefold reduction in copy number for resident ColEl-type plasmids (which require PriA for replication in vitro [29] ), and were defective in the production of 5X174 phage. Within the context of current models of SOS induction (34) , these results suggest that the absence of PriA results in stalling and/or instability of the replication fork.
MATERIALS AND METHODS
Bacterial and phage strains. Bacterial strains are described in Table 1 . Bacteriophage 4X174am3 is a lysis-defective gene E mutant and was used as the source of 4.X174 ss(c)-DNA (prepared by the method of Marians et al. [26] ). Phage Plvir was used for generalized transduction in the construction of priA strains.
DNAs, enzymes, and reagents. pBS-M13 RF DNA was obtained from Stratagene. The construction of plasmid pBR(Xba) will be described elsewhere (31a). pPN1 is a 2.7-kbp plasmid containing oriC as the sole origin of replication. It was constructed by ligating the AatII-HaeII fragment of pCM959 (bp -114 to 1046 around oriC) to the AatII-HaeII fragment of pBR322 (containing bla) as described by Ogawa et al. (31) . Restriction endonucleases and nucleic acid-modifying enzymes were from New England BioLabs, Bethesda Research Laboratories, and Boehringer Mannheim. Zeta-probe membrane and protein determination kit were from Bio-Rad. SeaKem ME agarose was from FMC. All other reagents were from Sigma.
Bacteriological techniques. Bacteria were routinely grown at 37°C with aeration in Luria-Bertani broth supplemented with 0.5% glucose and 20 jig of thiamine per ml. Drugs were used at the following concentrations: ampicillin, 100 ,ug/ml; (Fig. 1) , in which the gene encoding resistance to the antibiotic kanamycin (Kanr) was inserted 70 amino acids upstream of the consensus nucleotide-binding site in the amino-terminal portion of priA (30) , was made such that 865 nucleotides of chromosomal homology upstream and 2,043 nucleotides of chromosomal homology downstream flanked the Kanr cassette. This plasmid was linearized with NdeI and used to transform recBC sbcB E. coli JC7623 according to the method of Winans et al. (44) . In this strain, the high frequency of double-crossover recombination events allows the identification of isolates where the intact chromosomal gene copy has been replaced by the disrupted plasmid copy. Kanamycin-resistant transformants, which formed colonies after growth overnight at 37°C, were tested initially for the absence of plasmid sequences by being screened for sensitivity to ampicillin. One Kanr Amps clone, PN101 (Table 1) , was picked for further analysis.
The structure of the disrupted priA was confirmed by Southern analysis (Fig. 2) . The absence of vector plasmid sequences was also confirmed by probing similar Southern blots with nick-translated vector DNA (data not shown).
Since PN101 carried a disrupted rather than a deleted priA allele, the formal possibility existed that an active fragment of PriA could still be made. In order to eliminate this possibility, the extent of PriA activity in extracts prepared from PN101 was determined ( (1). When PriA was omitted from the reaction, incorporation of [3H]TMP into acid-insoluble product fell to background levels (Fig. 3) . PriA activity could be supplied by using a crude extract prepared from JC7623 (the parent of PN101) but was undetectable in a similar extract prepared from PN101 (Fig. 3) . To eliminate the possibility that a replication inhibitor was present in the PN101 extract, the JC7623 extract was mixed with an equal amount of the PN101 extract and the mixture was reassayed. No inhibition of PriA replication activity was observed. In addition, the PN101 extract could be made replication competent by the addition of purified PriA protein (Fig. 3) . Together, these data indicate that the priA gene has been inactivated in PN101.
priA cells are induced for the SOS response. In order to examine any phenotypes associated with the priA::Kanr mutation, the mutation was transferred by P1 transduction into the standard laboratory strain K38, yielding strain PN102. In this and all other P1 transductants used in these studies, the presence of the priA disruption was confirmed (data not shown) by polymerase chain reaction analysis using genomic DNA prepared from each strain as the template and two 30-nucleotide primers comprising sequences at amino acid residues 4 and 420. When these primers are used, a polymerase chain reaction yields a 1,250-nucleotide-long fragment for intact priA and a 2,500-nucleotide-long fragment for the disrupted priA::Kanr allele.
We noted that PN102 grew very slowly and did not reach a high saturation density, suggesting poor cell viability. Since this could be a result of induction of the resident X prophage causing cell death, X phage production from PN102 was measured on the X plating strain ED8789. X phage production in overnight liquid cultures of PN102 (1.0 x 109 PFU/ml) was 350-fold greater than that observed with parent strain K38 (2.8 x 106 PFU/ml). This increase in phage titer was a direct result of the absence of active PriA, since the high titer could be suppressed when a high-copy-number plasmid carrying intact priA, pY20, was introduced into the strain (2.0 x 106 PFUIml). These data indicated that the protease activity of the RecA protein (33) was activated in PN102 cells, suggesting that the SOS response may also be induced.
In order to obtain a better estimation of the viability of (Fig. 4) . Log-phase cells were fixed, stained with DAPI (31), and observed with a fluorescence microscope. Whereas fields of K91 rarely showed any cells longer than two daughter cells in the process of division (Fig. 4A) , fields of PN103 showed huge multinucleoid cell filaments (Fig. 4B) . Extreme filamentation as exhibited here can be a result of the SOS-induced synthesis of the sulA gene product, an inhibitor of septum formation (10) . The filamentation phenotype, slow growth rate, and reduced cell viability of PN103 could all be restored to normal by providing these cells with a pBR322-based plasmid containing a wildtype copy of priA. In order to establish if, in fact, the full range of SOS response had been induced in the priA::Kanr mutant, the disruption was transferred into JH137 (12), an indicator strain in which the chromosomal lacZ gene has been deleted and which carries a DNA damage-inducible dinDl promoter::lacZ fusion in a defective Mu phage integrated into the chromosome. The resulting strain, PN104, was grown to mid-log phase and assayed for P-galactosidase production as described by Miller (28) . In this indicator strain, significant 3-galactosidase production is observed only when the LexA repressor has been inactivated via cleavage by the RecA protease (12) . Conditions known to induce a full range of SOS responses (growth in the presence of 1 ,.Lg of mitomycin C per ml [34] ) increased ,-galactosidase activity by 25-fold, from 8.7 to 215 U, in JH137. This range of response was similar to that published previously for this strain (12).
1-Galactosidase production was clearly increased, by eightfold (70.3 U), in PN104 in the absence of external stimulation, indicating that significant induction of the SOS response occurs when PriA activity is removed from the cell.
Replication phenotype of the priA::Kan' mutation. The successful isolation of strains carrying a priA::Kanr allele and the ease with which this allele could be moved from one strain to another by P1 transduction clearly indicated that the PriA protein was not absolutely required for chromosomal DNA replication. Although the SOS response is partially induced by the mutation, the cells still grow reasonably well. Once the filamentation response, which presumably accounted in part for the difference in growth rate between K91 and PN103, was appreciated, the priA::Kanr allele was introduced into SG13109, a sulA strain that cannot filament in response to SOS induction (10), yielding PN105. This priA sulA strain grows at about 60% of the rate of the parent and has improved viability (30 to 50% of that of the sulA parent, as measured by CFU relative to optical density). Microscopic observation of PN105 revealed that although some of the cells (approximately 10%) remained somewhat filamented (Fig. 4D) , the majority appear as wild type (Fig. 4C) . Because of the improved viability of the priA mutation in a sulA background, PN105 was used as the host strain for the study of pBR322 plasmid and fX174 phage replication in vivo.
While it might have been predicted, given the postulated role of PriA at the replication fork (see discussion and reference 21) , that the inactivation of PriA would not be lethal, the propagation of small DNAs like XX174 and pBR322 should be affected dramatically in its absence. In vitro, the first step of the (X174 life cycle, the conversion of the viral ss(c)-DNA to RFII, is absolutely dependent on the presence of PriA (37) . Likewise, lagging-strand DNA synthesis during pBR322 DNA replication is primarily a result of primosome assembly downstream of the leading-strand origin (29) , although it can also occur through a DnaA-mediated mechanism (36) .
Since XX174 infects only C-type E. coli strains (9) (17, 20) , and a PAS sequencespecific DNA-binding protein (11) an extraordinary processivity (in excess of 1 Mb [44a]), and manufacture Okazaki fragments in a coordinated and regular fashion (25) .
While it has been suggested that only DnaB is left on the DNA after preprimosome assembly (18) , it has been demonstrated clearly that one preprimosome can act as a DNA helicase in either direction along the DNA (21). This strongly suggests that both DnaB and PriA are present in the same complex. This is consonant with the ability to selectively activate the 5' -* 3' and 3' --5' DNA helicase activities of the preprimosome with GTP and dATP, which are, respectively, effectors solely of DnaB and PriA (21) . The juxtaposition of two DNA helicase activities of opposite directionality resident in the same complex on single-stranded DNA has led to the suggestion that during replication fork movement, the lagging-strand template is drawn through the primosome, resulting in the generation of a loop in the DNA A. B. a The negatives of the Polaroid photographs shown in Fig. 6 were traced by using an LKB 2202 laser densitometer. Sample lanes in Fig. 6A represent plasmid DNA from 4.5 x 107 cells, whereas those in Fig. 6B were from 2.7 x 10i viable cells. (21) . The existence of such a loop had been postulated by Alberts et al. in their trombone model of a replication fork (2) . However, since replication forks formed at oriC seem to require only the DnaB protein for replication fork propagation (39) , a question as to the nature of the protein complex operating as the primase-helicase in vivo has arisen.
Three of the proteins (DnaG, DnaB, and DnaC) required for primosome assembly were defined previously by conditionally lethal DNA-negative mutants (15) and are therefore clearly required for chromosomal DNA replication. This is complemented by the requirement for these proteins in oriC DNA replication systems reconstituted in vitro (39) . The genes encoding the other four primosomal proteins (protein i, factor Y [protein n'], protein n, and protein n"] have only recently been defined by exploiting the techniques of reverse genetics (19, 27, 30, 45) . Protein i was shown to be the product of dnaT, mutants of which are unable to enter stable DNA replication in the absence of protein synthesis (16) , in contrast to the more clearcut immediate-stop phenotype of mutants in dnaG or dnaB (15) . This leaves open the question of whether DnaT participates in the replisome.
Our recent molecular cloning of priA (30) and of priB and priC (45) has provided the reagents necessary to further these investigations. priA could be inactivated by insertional mutagenesis. Thus, the PriA protein is clearly not required for E. coli viability. However, if the major role of PriA at the replication fork is to assist in the efficient management of the loop in the trombone, as discussed above, then mutations in the gene might be reflected only in aberrant variations in the size of the Okazaki fragments produced.
Given how PriA was identified biochemically, it might have been anticipated that priA strains would be defective in the production of XX174 phage. While priA strains could manufacture reasonably high titers, phage production was delayed considerably and was consistently 1/10 that of the parental strain. PriA-independent phage production is most likely the result of promiscuous priming of the transfected 4X174 ss(c)-DNA by RNA polymerase. This pathway has been demonstrated previously both in vivo, by experiments in which PX174 complementary-strand DNA synthesis became dependent on the DnaC protein only in the presence of rifampin at concentrations (200 ,ug/ml) known to inhibit RNA polymerase (8) , and in vitro (40) and could not be eliminated completely from the experimental protocol because of the need for new mRNA synthesis for phage production.
Similarly, the effect of priA inactivation on pBR322 DNA replication was not absolute, even when a known secondary pathway of pBR322 DNA replication involving DnaA-dependent initiation of lagging-strand synthesis (36) while leaving that of a small oriC derivative relatively unchanged. It is likely that the continued low-level maintenance of the pBR(Xba) DNA can be accounted for by normal leading-strand initiation (which requires RNA polymerase [29] ) and random lagging-strand priming either by fragments of mRNAs that exist transiently in hybrid form or by primers made as a result of DnaB binding to the DNA serving as a recognition site for DnaG (3) . Inactivation of priA did, however, lead to a partial induction of the SOS response. How can this be explained within the context of models of PriA action and SOS induction? The full range of the SOS response requires cleavage of the LexA repressor protein by an activated RecA protease (41) . This derepresses mRNA synthesis of at least 17 damage-inducible (din) genes (41) . Activation of RecA requires both ATP and single-stranded DNA (7) . Models of SOS induction have focussed either on events relating to the recognition of DNA damage (22) or on the effect of damaged DNA on the propagation of the replication fork (32). Sassanfar and Roberts (34) have recently demonstrated that the signal of damaged DNA (thymidine dimers) is read only when the replication fork is active, leading them to argue that the required single-stranded DNA is generated when the laggingstrand side of the fork is stalled at the damage and the leading-strand side continues to advance.
If PriA is normally present as an integral part of the replication fork, it is likely that its absence would result in a less-stable fork or one that moves less efficiently, leading to defects in the way that the single-stranded lagging-strand template was managed. Thus, within the context of the Sassanfar and Roberts model (34), it would not be surprising that the SOS response was induced in priA mutants.
How can this be reconciled with the apparent lack of a PriA requirement during oriC replication in vitro? These studies have been done using minichromosome templates of only a few kilobase pairs in length. The possibility arises that the replication forks that are formed at oriC are not the same ones that complete synthesis of the chromosome after several megabases of DNA replication. If for any reason the replicative machinery were to disengage from the template, then new forks would have to assemble to complete replication of the chromosome. This could perhaps be accomplished by primosome assembly at the various PAS sequences that appear to be spaced around the genome (13, 38) . Such a role for primosome assembly has been proposed previously by Seufert and Messer (35) . Under these circumstances, the absence of PriA would be expected to induce the SOS response even if PriA were not an integral member of the replication fork, since it would be required for the assembly event. Studies designed to measure replication fork movement and stability in priA strains are under way and will hopefully help distinguish among some of these possibilities.
